In this paper we discuss the sources of the transconductance reduction of enhancement-mode pseudomorphic high electron mobility transistor (E-pHEMT) at a high gate bias and methods of improving the transconductance at a high gate bias. EpHEMT usually suffers from severe transconductance reduction at a high gate bias. Our simulation showed that this reduction is mainly due to the low channel carrier density and high access resistance of the ungated region rather than the parasitic MESFET phenomenon. An epi structure that facilitates electron transfer through the barrier layer of the ungated region and self align gate (SAG) process lead to an improvement in transconductance linearity.
Introduction
Enhancement-mode pseudomorphic high electron mobility transistor (E-pHEMT) is in close competition with HBT for securing the handset PA market. E-pHEMT has the advantage of a single-power supply over depletion-mode pHEMT, although it has a narrow gate voltage swing. Several studies have been conducted to obtain high gate forward turn-on voltage for realizing a large gate swing range.
1) We developed an E-pHEMT with a high gate forward turn-on voltage of 1.4 V. Figure 1 shows the DC characteristics of the fabricated device. However efforts for achieving high V gs on were not so fruitful due to the transconductance (Gm) reduction at a high V gs . The dashed circle in Fig. 1 shows this reduction. At a gate bias of 1.4 V Gm is only 50% of the peak Gm. In this paper, we present the cause of the E-pHEMT's Gm reduction at a high V gs and methods of improving transconductance linearity.
Origin of Transconductance Reduction at High V gs
The parasitic MESFET phenomenon is the main cause of Gm reduction at a high V gs .
2) Lee et al. calculated the electron carrier densities of channels and barriers as a function of V gs .
2) According to the calculation, channel electron carrier density increases linearly with V gs at a low V gs but saturates at a certain V gs . At a higher V gs barrier electron carrier density increases rapidly and even exceeds channel electron carrier density according to Gauss's Law. Because the electrons gathered in a barrier layer suffer from low mobility, transconductance reduction occurs at a high V gs . However this calculation overestimates barrier carrier density by overlooking gate current.
If gate current is taken into account, electrons gathered near the gate electrode are swept away by the positive bias of the gate. We performed 2-D device simulation using ATLAS and MINIMOS-NT. We calculated electron carrier density taking into account gate current with the drain electrode and source electrode shorted. Figure 2 shows electron carrier density as a function of V gs . Our simulation shows markedly less barrier carrier density at a large gate bias than a previous result.
2) The amount of barrier electron density is less than 10% of the total sheet carrier density. Instead channel electron carrier density continues to increase at a large gate bias according to Gauss's Law. The transfer curve shown in Fig. 3 estimated from this calculation shows a negligible Gm reduction. The parasitic MESFET phenomenon is not sufficient to explain severe Gm reduction.
The origin of the Gm reduction of E-pHEMT is the low and finite channel carrier density of the ungated region. The carrier density of the channel layer of the ungated region is not a function of gate bias, while that of the gated region is a linear function of gate bias. E-pHEMT has a rather low sheet carrier density for positive threshold gate voltage. When V gs is more than 0.7 V, the channel electron density under the Vol. 44, No. 4B, 2005 , pp. 2476 -2478 #2005 The Japan Society of Applied Physics gate exceeds that of the ungated region. Table I shows channel carrier densities of each region at a gate bias of 1.2 V. As the channel carrier densities of ungated regions are less than that of gated regions, they become a bottleneck for current increase.
The level of current saturation is dependent on how easily electrons flow from the channel layer of the ungated region to the ohmic electrode. As E-pHEMT, with a wide band-gap barrier layer for high V gs on , shows severe Gm reduction.
Improve Transconductance Linearity
Increasing the channel carrier density of an ungated region is a direct but inapplicable solution that accompanies threshold voltage shift. We adopted methods of facilitating electron transfer from the channel layer to the ohmic contact without altering the high gate turn-on voltage. Figure 4 shows the epi structure. A wideband gap material of Al0.45GaAs was used as a barrier layer. In 0.49GaP etch stop layer offered a good etch selectivity and a uniform threshold voltage. To improve the Gm linearity, a cap layer which facilitates current flow between the channel and the cap was devised. We used the concept of conduction band reduction.
3) The delta doped AlGaAs cap layer between the n þ GaAs cap layer and InGaP etch stop layer, reduces the conduction band of the barrier. This layer reduces the electron barrier between the channel and the ohmic contact but does not reduce gate forward turn-on voltage. The n þ InGaAs cap is also adopted for achieving better ohmic contact resistance.
4)
The self align gate (SAG) process can reduce gate-tosource spacing. Device simulation showed that a smaller L SG leads to an increased linear transfer curve as shown in Fig. 5 . A thin ohmic metal system of Pd/Ge/Ni was used, which showed a good surface morphology after alloying. As we were interested in the transfer of electrons from the ohmic metal to the channel through the barrier layer, TLM measurement was performed after removing a part of the cap layer between the source and the drain. Ohmic optimization was performed according to this TLM measurement. The ohmic contact resistance measured after removing the top 300 A of the cap layer was 1.2 mm. Figure 6 shows the cross section of the fabricated SAG E-pHEMT. L SG was reduced to 0.2 mm. Figure 7 shows the measured transfer curves of EpHEMT. The device had the flowing DC characteristics: Vth ¼ À0:1 V, G m max ¼ 380 mS/mm, V gs on ¼ 1:3 V and BV DG ¼ 5 V. The newly devised E-pHEMT epi fabricated by the SAG process showed a more linear transfer curve than the previous one. While the E-pHEMT fabricated by a conventional method showed more than 68% Gm reduction at a gate bias of 1.5 V compared with peak Gm, the newly fabricated E-pHEMT showed a 57% Gm reduction.
Measurement

Conclusion
In this paper, we presented the source of significant Gm reduction of E-pHEMT at a large gate bias. Device simulation showed that the channel carrier density of the gated region is a linear function of gate bias in Schottky diode connection and is not sufficient to explain the Gm reduction. Meanwhile the channel carrier density of the ungated region is constant, independent of gate bias and fairly low for the positive threshold voltage of E-pHEMT. As E-pHEMT generally adopts wide-band-gap material as a barrier through which electrons cannot easily flow; the channel layer of the ungated region can be a major current path. The low and finite channel carrier density of the ungated region incorporated with the wide-band-gap barrier of E-pHEMT, is a bottleneck for current increase. The level of Gm reduction is dependent on how well electrons flow from the ohmic contact to the channel under the gate.
The new epi structure and SAG process, which reduce the access resistance of the ungated region, lead to a more linear transfer curve. While conventionally fabricated E-pHEMT showed 68% Gm reduction at a gate bias of 1.5 V compared with peak Gm, a new E-pHEMT fabricated by the SAG process showed 57% Gm reduction. This is a fairly good result as a E-pHEMT has a high V gs on . Although there were some improvements, the new E-pHEMT still showed a Gm reduction of 57%. It is not yet clear whether this reduction is completely due to the imperfection of our procedure or whether there are other reasons. However a few analyzed imperfections of our process, such as a high ohmic contact resistance of 1.2 mm measured after removing a part of the cap layer, seem to be closely related to this reduction. 
